Optical measurements of a nanoscale silicon optomechanical crystal cavity with a mechanical resonance frequency of 3.6 GHz are performed at subkelvin temperatures. We infer optical-absorption-induced heating and damping of the mechanical resonator from measurements of phonon occupancy and motional sideband asymmetry. At the lowest probe power and lowest fridge temperature (T f = 10 mK), the localized mechanical resonance is found to couple at a rate of γ i /2π = 400 Hz (Q m = 9×10 6 ) to a thermal bath of temperature T b ≈ 270 mK. These measurements indicate that silicon optomechanical crystals cooled to millikelvin temperatures should be suitable for a variety of experiments involving coherent coupling between photons and phonons at the single quanta level. The coupling of a mechanical object's motion to the electromagnetic field of a high finesse cavity forms the basis of various precision measurements [1] , from large-scale gravitational wave detection [2] to microscale accelerometers [3] . Recent work utilizing both optical and microwave cavities coupled to mesoscopic mechanical resonators has shown the capability to prepare and detect such resonators close to their quantum ground state of motion using radiation pressure backaction [4] [5] [6] [7] . Optomechanical crystals (OMCs), in which band gaps for both optical and mechanical waves can be introduced through patterning of a material, provide a means for strongly interacting nanomechanical resonators with near-infrared light [8] . Beyond the usual paradigm of cavity optomechanics involving isolated single mechanical elements [9, 10] , OMCs can be fashioned into planar circuits for photons and phonons, and arrays of optomechanical elements can be interconnected via optical and acoustic waveguides [11] . Such coupled OMC arrays have been proposed as a way to realize quantum optomechanical memories [12] , nanomechanical circuits for continuous variable quantum information processing [13] and phononic quantum networks [14] , and as a platform for engineering and studying quantum many-body physics of optomechanical metamaterials [15] [16] [17] .
The coupling of a mechanical object's motion to the electromagnetic field of a high finesse cavity forms the basis of various precision measurements [1] , from large-scale gravitational wave detection [2] to microscale accelerometers [3] . Recent work utilizing both optical and microwave cavities coupled to mesoscopic mechanical resonators has shown the capability to prepare and detect such resonators close to their quantum ground state of motion using radiation pressure backaction [4] [5] [6] [7] . Optomechanical crystals (OMCs), in which band gaps for both optical and mechanical waves can be introduced through patterning of a material, provide a means for strongly interacting nanomechanical resonators with near-infrared light [8] . Beyond the usual paradigm of cavity optomechanics involving isolated single mechanical elements [9, 10] , OMCs can be fashioned into planar circuits for photons and phonons, and arrays of optomechanical elements can be interconnected via optical and acoustic waveguides [11] . Such coupled OMC arrays have been proposed as a way to realize quantum optomechanical memories [12] , nanomechanical circuits for continuous variable quantum information processing [13] and phononic quantum networks [14] , and as a platform for engineering and studying quantum many-body physics of optomechanical metamaterials [15] [16] [17] .
The realization of optomechanical systems in the quantum regime is predicated upon the ability to limit thermal noise in the mechanics while simultaneously introducing large coherent coupling between optical and mechanical degrees of freedom. In this regard, laser back-action cooling has recently been employed in simple OMC cavity systems [6, 18] consisting of a one-dimensional (1D) nanobeam resonator surrounded by a two-dimensional (2D) phononic band gap. In this work, we optically measure the properties of such an OMC cavity system in a helium dilution refrigerator down to base temperatures of T f = 10 mK.
The device studied here is formed from the top silicon (Si) device layer of a silicon-on-insulator (SOI) wafer [19] . Figure 1 (a) shows a scanning electron microscope (SEM) * opainter@caltech.edu image of a suspended device after processing. This device consists of two nanobeam OMC cavities, optically coupled to a common central waveguide [ Fig. 1(b) ]. As described in Ref. [6] , the nanobeam cavities are patterned in such a way as to support an optical resonance in the 1550 nm wavelength band and a "breathing" mechanical resonance at 3.6 GHz. The highly localized optical and acoustic resonances couple strongly via radiation pressure, with a theoretical vacuum coupling rate of g 0 /2π = 870 kHz, corresponding physically to the optical resonance shift due to the mechanical resonator zero-point amplitude. Surrounding the waveguide and nanobeam structure on three sides is a 2D "cross" pattern [11] which has a full phononic band gap for all acoustic waves in the 3−4 GHz frequency range. The fourth side is left open, so as to allow close approach of an optical fiber. The SOI sample is mounted to the mixing chamber plate of a dilution refrigerator, and a set of stages are used to align an antireflection-coated tapered lensed fiber (beam waist = 2.5 μm; focal distance = 14 μm) to the coupling waveguide of a given device under test [see Fig. 1(a) and Ref. [19] ]. In order to aid efficient optical coupling, the Si waveguide is tapered down to a tip of width 225 nm, providing mode matching between fiber and waveguide [20, 21] .
Optical spectroscopy of a fiber-coupled device at a fridge temperature of 4 K is shown in Fig. 1(c) . In this measurement, the frequency of a narrow linewidth external-cavity diode laser is swept across the fundamental optical resonance of one of the OMC cavities centered at λ c = 1545 nm. The input laser light is reflected from a photonic crystal mirror at the end of the Si waveguide, and when resonant, evanescently couples in to the nanobeam cavities (the other nanobeam cavity coupled to this waveguide has a resonance several THz to the red). Some of the light entering the cavity decays through intrinsic loss channels at rate κ i , while the remainder couples back into the central waveguide at coupling rate κ e , and is collected in reflection by the lensed optical fiber. For this particular cavity, we observe a total optical energy decay rate of κ/2π = 529 MHz, an extrinsic coupling rate κ e /2π = 153 MHz, and an intrinsic decay rate κ i /2π = 376 MHz. From the normalized reflection signal level (R), the fraction of optical power reflected by the OMC cavity, collected by the lensed fiber, and detected on a photodetector is estimated to be η cpl = 34.7% [19] .
The optical heterodyne detection scheme illustrated in Fig. 1(d) is used to measure the motion of the localized breathing mode at frequency ω m /2π = 3.6 GHz. A high-power (∼ 0.7 mW) local oscillator (LO) sets the gain of the heterodyne receiver, and a low-power (1 nW-16 μW) optical signal beam is used to probe the OMC cavity. In order to selectively detect either the upper or lower motional sidebands generated on the optical signal beam, the LO frequency (ω LO ) is shifted relative to that of the signal beam (ω s ). For the measurements presented here, ω LO is adjusted such that the mechanical modulation beat frequency = ω LO − (ω s ± ω m ) ≈ 2π ×50 MHz, placing a single motional sideband within the bandwidth (100 MHz) of the photodetectors. In the case of a signal beam red-detuned from cavity resonance (frequency ω c ) by ≡ ω c − ω s = ω m , the resultant noise power spectral density (NPSD) as transduced on a spectrum analyzer yields a resonant mechanical signal component proportional to
Here n is the phonon occupancy of the mechanical mode, and the total mechanical damping rate is given by γ = γ i + γ OM , where γ i is the intrinsic damping rate of the mechanical resonator and γ OM ( = ω m ) = 4g 2 0 n c /κ is the optomechanically induced damping rate produced by an intracavity photon number n c . For a blue-detuned probe ( = −ω m ), the resonant component of the NPSD is proportional to n + 1 and γ
Mechanical spectroscopy is first performed at a fridge temperature of T f = 4 K in order to calibrate the optomechanical transduction. The coupling rate g 0 is determined by observing the dependence of the mechanical linewidth on n c for both red ( = ω m ) and blue ( = −ω m ) laser-cavity detunings, as shown in Fig. 2(a) . Above a threshold value, n c > n thr ≈ 1.5, optical amplification and self-oscillation of the mechanical resonator occurs for blue detuning. Below this value, the optomechanical damping γ OM can be found from the difference between the red-and blue-detuned linewidths. A linear fit of the derived γ OM versus n c yields a coupling rate of g 0 /2π = 840 kHz. Using this value of g 0 along with the optical detection efficiency, the mechanical mode occupancy versus n c is calibrated from the area under the resonant part of the measured NPSD [see Figs. 2(b) and 2(c)]. At high n c the mechanical mode is seen to be cooled, whereas at low n c the calibrated occupancy saturates to a constant value in good agreement with the expected 4 K fridge occupancy (solid black line).
As the fridge temperature is lowered into the subkelvin range, a very different dependence of measured linewidth and mode occupancy on optical probe power is observed. In particular, the measured mechanical linewidth versus n c , shown in Fig. 3(a) for T f = 185 mK, increases with decreasing probe power below an apparent minimum at n c ∼ 1. The measured linewidth at low power is also too large to explain the observed threshold of self-oscillation, n thr ≈ 0.1. These inconsistencies indicate that the linewidth associated with the true energy decay rate of the mechanics is likely obscured in the time-averaged spectrum of Fig. 3(a) jitter [23, 24] . Due to the long averaging times (minutes to hours) required at low optical probe power, direct observation of the mechanical frequency jitter is not possible. Indirect confirmation of the frequency jitter is ascertained by studying the detuning ( ) dependence of the transduced signal power and linewidth for a fixed n c ∼ 1.5, as shown in Fig. 3(b) . Such a measurement keeps constant any effects such as optical heating or frequency jitter that might depend on the intracavity photon number. The resulting fit to the data (red curves; see caption for details), yields γ i /2π = 2.3 kHz for the intrinsic mechanical energy decay rate, γ G /2π = 6.1 kHz for the Gaussian frequency jitter, and g 0 /2π = 805 kHz, consistent with the T f = 4 K value. In what follows we use additional on-resonance heating measurements to determine γ i over the entire range of n c .
Heating of the mechanical mode by optical absorption becomes significant at subkelvin temperatures due to the sharp drop in thermal conductance with temperature [25] . The source of optical absorption in our structures is most likely due to electronic defect states at the surface of Si [26, 27] . This heating mechanism is investigated at T f = 10 mK, for which n f is negligible, by measuring n and γ using an optically resonant probe ( = 0; γ OM = 0). We observe in Fig. 4(a) that n ∝ n 1/4 c . This weak power-law dependence is consistent with indirect coupling of the breathing mode to an optically generated bath with thermal conductance scaling as G th ∼ T 3 . Phonons with wavelengths small relative to the dimensions of the cavity structure are expected to have such a conductance scaling [28] , although their estimated escape time from the nanobeam (γ
−1
THz ∼ 1-10 ns) suggests that they must quickly come into thermal equilibrium. Given the slow rates of most bulk relaxation processes [29] , this fast thermalization is likely due to a relatively large degree of diffusive and inelastic scattering at the surfaces of the patterned nanobeam [30] .
Based on these on-resonance observations, a proposed microscopic model for the optical absorption heating and damping is illustrated in Fig. 4(c) . Here the long-lived breathing mode is weakly coupled (γ 0 ) through the phononic shield to the exterior fridge environment, and is locally coupled via phonon-phonon scattering (γ p ) [31] to the optically generated high frequency phonons within the acoustic cavity. A phenomenological model based upon this microscopic picture is shown schematically in Fig. 4(d) . We parametrize the coupling of the mechanical resonator to the separate thermal baths by decomposing the mechanical damping rate into γ L = γ 0 + γ p + γ OM , where the fridge bath (occupancy n f ) couples at rate γ 0 , the optical-absorption-induced bath (temperature T p , occupancy n p at ω m ) couples at rate γ p , and the intracavity laser field (effective zero-temperature bath) couples at rate γ OM . The resulting average mechanical mode occupation is then given by n (n c )
where T p (n c ).
The calibrated mechanical mode occupation for a reddetuned ( = ω m ) probe is plotted against n c in Fig. 4(e) for T f = 10 mK (purple) and 635 mK (green). Both curves exhibit a series of heating and cooling trends, and in fact coincide for n c 1. At the lowest optical probe powers (n c = 0.016) and lowest fridge temperature (T f = 10 mK), the calibrated phonon occupancy reaches a minimum n = 0.98 ± 0.11, corresponding to T ≈ 270 mK. The complex behavior of these two cooling curves can be understood by comparing to the proposed phenomenological model. For this model n f is taken to correspond to the measured T f , n p (n c ) is ascertained by extrapolating the on-resonance measurement of n [ Fig. 4(a) ], and γ OM (n c ) is found from the fit value g 0 /2π = 840 kHz to the high power region of the red-detuned mechanical linewidth [red circles in Fig. 4(b) ]. Assuming a common γ p (n c ) and γ 0 , the resulting γ i (n c ) curve that best fits the measured n data for both T f = 10 and 635 mK fridge temperatures is plotted in Fig. 4(b) (blue circles). Also shown in Fig. 4(b) are the best-fit value of the coupling to the fridge bath γ 0 /2π = 306 ± 28 Hz (dashed black horizontal curve) and a smooth spline curve fit to the inferred values of γ p (n c ) (red solid curve). A plot of the best-fit model is shown alongside the measured n cooling curves in Fig. 4(e) . In addition to the good agreement of the model for both fridge temperatures, the inferred intrinsic energy damping rate is also consistent with the measured self-oscillation threshold [ Fig. 3(a) ]. At the lowest probe powers (n c = 0.016), the energy damping mechanical Q factor reaches an impressively high value of Q m = 9×10 6 . Alongside the calibrated mode occupancy n , we have also measured the sideband asymmetry ξ shown in the inset to Fig. 4(e) . The sideband asymmetry is defined as ξ = I − /I + − 1 [32] , where I ± is the area under the Lorentzian part of the NPSD for an optical probe with detuning = ±ω m . The asymmetry is sensitive to both the absolute mode occupancy and to the sum of γ 0 and γ p through the cooperativity C = γ OM /(γ 0 + γ p ). Good correspondence can also be seen between the best-fit model (solid curves) and the measured ξ (circles).
Although significant work remains to determine the exact microscopic details of the optical absorption heating and frequency jitter observed in the measurements of the quasi-1D OMC cavity studied here, there are nonetheless several interesting points to note. First, from the measured timeaveraged mechanical linewidth and optically induced bath temperature (T p ) in Fig. 4 we find that the frequency noise of the mechanical resonator drops with increasing temperature as T −0.9 p [19] . Such a frequency noise behavior is similar to that found for two-level systems coupled to superconducting microwave resonators [24] , and may be due to native oxide formation at the Si surfaces. Secondly, the phononic shield provides excellent mechanical isolation of the breathing mode, while at the same time providing good mechanical coupling to the fridge bath for heat carrying phonons above the acoustic band gap. Thirdly, although lower phonon occupancies could have been measured using thinner phononic shields, effectively increasing the coupling rate γ 0 to the fridge bath at T f , this would come with a commensurate reduction in cooperativity C = γ OM /γ i . Coherent quantum interactions between the optical cavity field and the mechanical resonator require C > 1 and n < 1, and although the devices of this work closely approach this limit, a move to quasi-2D Si OMC devices [33] with orders of magnitude larger thermal conductance should enable future work in the quantum regime as envisioned in recent proposals [13, [15] [16] [17] .
